We present a compact efficient eye-safe intracavity optical parametric oscillator pumped by a passively Q-switched Nd:YAG laser in a shared cavity configuration. A signal pulse of 3.3 mJ energy at a 1573 nm wavelength with a peak power of 150 kW was achieved. The effective conversion efficiency with respective to the optimized 1064 nm Q-switched pulse energy was as high as 51%.
Introduction
Compact nanosecond pulsed lasers operating with emission at the eye-safe wavelength region (1.5-1.6 m) are of great interest for many applications such as laser radar, active imaging, and remote sensing [1, 2] . The methods for generating eye-safe lasers include the solid-state lasers with Er 3ϩ -doped or Cr 4ϩ -doped media [3] [4] [5] [6] and the Raman lasers pumped by Nddoped lasers [7] [8] [9] [10] . Another promising approach for high-peak-power eye-safe laser sources is based on intracavity optical parametric oscillators (OPO) [11] [12] [13] [14] [15] [16] . The advent of high damage threshold nonlinear crystals and diode-pumped Nd-doped lasers leads to a renaissance of interest in intracavity OPOs. Recently we demonstrated a compact efficient eyesafe OPO pumped by a diode-pumped passively Q-switched Nd:GVO 4 laser to produce peak powers at 1573 nm higher than 10 kW [17] . However, the applications for long-distance laser rangefinders require pulse energies in the millijoule range and peak powers greater than 100 kW [2] .
The conventional configurations for intracavity OPO pumped by Q-switched Nd-doped lasers [11] [12] [13] [14] [15] [16] [17] are based on the coupled cavity configuration in which there are separate resonators for the signal and fundamental optical fields. However, the amplitude stability of the signal outputs for the coupled cavity configuration is severely dependent on the cavity alignment because the resonator lengths and the longitudinal-mode spacing are different for the pump and signal beams. Recently it was confirmed [18] that the shared cavity configuration in which the pump and signal beams share the same resonator provides a substantially superior amplitude stability in comparison with the coupled cavity configuration. Therefore it is of practical interest to develop the eye-safe intracavity OPO in the millijoule range with the shared cavity configuration.
In this work we use a shared resonator configuration to construct a compact intracavity OPO in the millijoule range. A lens duct is designed to be an efficient coupling lens for the diode-pumped passively Q-switched Nd:YAG͞Cr 4ϩ :YAG laser. With the passively Q-switched laser to pump the intracavity OPO, 3.3 mJ pulses with 150 kW peak power at 1573 nm are generated. The effective conversion efficiency with respective to the optimized pulse energy form the passively Q-switched 1064 nm laser is up to 51%. USA) that consists of six 10 mm long diode bars generating 80 W per bar, for a total of 480 W at the central wavelength of 808 nm. The diode stack is designed with 0.4 mm spacing between the diode bars so the overall area of emission is approximately 10 mm (slow axis) ϫ 2.4 mm (fast axis). The full divergence angles in the fast and slow axes are approximately 35°and 10°, respectively. A lens duct was designed to efficiently couple the pump radiation from the diode stack into the laser crystal. As shown in Fig. 1 , there are five geometric parameters, r, L, H 1 , H 2 , and H 3 , for a lens duct, where r is the radius of the input surface, L is the length of the duct, H 1 is the width of the input surface, H 2 is the width of the output surface, and H 3 is the thickness of the duct [19, 20] . With the ray-tracing analysis [20] , the coupling efficiency was found to be up to 87% for a lens duct with the parameters of r ϭ 10 mm, L ϭ 32 mm, H 1 ϭ 12 mm, H 2 ϭ 2.7 mm, and H 3 ϭ 3 mm. Based on the theoretical result, a lens duct was manufactured and used in the experiment.
Figure 2(a) shows the experimental setup of the intracavity OPO pumped by a diode-pumped passively Q-switched Nd:YAG͞Cr 4ϩ :YAG laser in a shared cavity configuration. The fundamental laser cavity was formed by a coated Nd:YAG crystal and an output coupler. The OPO cavity entirely overlapped with the fundamental laser cavity. The Nd:YAG crystal had a 1.0 at. % Nd 3ϩ doping concentration, a diameter of 5 mm, and a length of 10 mm. To set up the shared cavity, the incident side of the laser crystal was coated to be highly reflective at 1064 and 1573 nm ͑R Ͼ 99.8%͒ and highly transmitted at the pump wavelength of 808 nm ͑T Ͼ 90%͒. The other side of the laser crystal was coated to be antireflective at 1064 and 1573 nm ͑R Ͻ 0.2%͒. A KTP crystal was used to be the nonlinear crystal of the OPO. The KTP crystal, 4 mm ϫ 4 mm ϫ 20 mm, was employed in a type II noncritical phase-matching configuration along the x axis ( ϭ 90°, and ϭ 0°) to have both a maximum effective nonlinear coefficient and no walk off between the pump, signal, and idler beams. On the other hand, a Cr :YAG crystals were coated for antireflection at 1573 and 1064 nm. The output coupler had a dichroic coating that was highly reflective at 1064 Fig. 1 . Schematic of a lens duct in which r is the radius of the input surface, L is the length of the duct, H 1 is the width of the input surface, H 2 is the width of the output surface, and H 3 is the thickness of the duct. 
For comparison, the conventional coupled cavity configuration is depicted in Fig. 2(b) . It can be seen that the OPO cavity in the coupled resonator configuration was formed by a coated KTP crystal and an output coupler and the OPO cavity length was approximately 25 mm. One side of the KTP crystal was coated to have high reflection at the signal wavelength of 1573 nm ͑R Ͼ 99.8%͒ and high transmission at the pump wavelength of 10643 nm ͑T Ͼ 95%͒. The other side of the KTP crystal was coated for antireflection at 1573 and 1063 nm.
The pulse temporal behavior at 1063 and 1571 nm was recorded by a LeCroy digital oscilloscope (Wavepro 7100; 10 G samples͞s, 1 GHz bandwidth) with a fast InGaAs photodiode. The spectral information of the laser was monitored by an optical spectrum analyzer (Advantest Q8381A, Tokyo, Japan). The spectrum analyzer employing diffraction grating monochromator can be used for high-speed measurement of pulse light with the resolution of 0.1 nm.
Experimental Results
First, the quasi-cw free-running operation without KTP and Cr 4ϩ :YAG crystals was performed to confirm the pumping efficiency of the lens duct and the quality of the laser crystal. For this investigation the diode stack was derived to emit optical pulses 200 s long, at a repetition rate of 100 Hz with a maximum duty cycle of 2%. Furthermore an output coupler with 96% reflectivity at 1064 nm was used instead of the above-mentioned OPO output coupler. Figure 3 plots the experimental results of the free-running operation for the output average power as a function of the diode pump power. It can be seen that the output power of 160 W was achieved at an incident pump power of 360 W. The overall slope efficiency was found to be as high as 45%. The fairly good efficiency affirms the pump scheme to be practical.
We estimated the performance of the passively Q-switched Nd:YAG͞Cr 4ϩ :YAG laser before the intracavity OPO experiment. For this investigation an output coupler with partial reflection at 1064 nm was used, and the diode stack was derived to emit optical pulses 250 s long at a repetition rate of 10 Hz. The optimum Q-switched performance at 1064 nm provides the baseline for evaluating the conversion efficiency of the intracavity OPO. The optimum reflectivity of the output coupler was found to be approximately 60%. The threshold of the Q-switched laser operation was found to be approximately 102 mJ, and the output pulse energy at 1064 nm was measured to be 6.5 mJ. As shown in Fig. 4 , the effective pulse width was found to be approximately 19 ns; consequently, the peak power was up to 330 kW.
With an OPO output coupler, the intracavity OPO experiment was performed. The threshold of the intracavity OPO was found to be nearly the same as that of the passively Q-switched laser. The output Fig. 3 . Output power at 1064 nm with respect to the incident pump power at 808 nm for quasi-cw free-running operation. pulse energy of the signal wave at 1573 nm was measured to be 3.3 mJ. The effective conversion efficiency with respect to the optimized pulse energy from the passively Q-switched laser is up to 51%. For the coupled cavity [12] , the conversion efficiency was found to be approximately 26%. In other words, the conversion efficiency of the shared cavity configuration is significantly superior to that of the coupled cavity configuration. The OPO performance of the shared cavity basically depends on the total laser power of all longitudinal modes not on the explicit distribution of the laser power among the longitudinal modes. The small perturbations in the stable resonators usually lead to considerable variations in the power distribution among the longitudinal modes and do not significantly affect the total laser power. On the other hand, in the coupled cavity configuration the OPO and laser resonators have different longitudinal mode spacings; mostly only one longitudinal laser mode is utilized to pump the OPO, and only one signal longitudinal mode builds up. Therefore the overall conversion efficiency of the shared cavity configuration is substantially superior to that of the coupled cavity configuration. The typical result for the optical spectrum measurement is depicted in Fig. 5 . Figure 6 shows the temporal shapes of the laser and signal pulses. It can be seen that the signal output consisted of a short intensive leading peak accompanied by a long weak ripple. The long weak ripple may come from the interaction between different longitudinal modes; thus far, the mechanism of its appearance is still unknown and needs further investigation. With the numerical integration, the signal peak power was calculated and found to be approximately 150 kW. The signal peak power is expected to be enhanced by the use of an output coupler with a lower reflectivity at the signal wavelength. The spatial distribution of the signal output was recorded with an infrared CCD and displayed in Fig. 7 . The beam quality M 2 factor was estimated to be approximately 1.5.
Conclusions
We have employed a diode-pumped passively Qswitched Nd:YAG laser to pump an intracavity OPO in a shared cavity configuration. A lens duct has been designed to efficiently couple the pump radiation from the diode stack into the laser crystal. A slope efficiency of 45% has been obtained for the quasi-cw free-running operation in the fundamental mode lasing. For the Q-switching operation at 1064 nm, the cavity produced 6.5 mJ pulses with 330 kW peak power. With the Q-switched laser to pump the OPO at 1573 nm, 3.3 mJ pulses with 150 kW peak power have been achieved, corresponding to an effective conversion efficiency of 51% with respect to the optimized pulse energy at 1064 nm. 
